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Abstract
A new 1D model using the real gas property is proposed to predict ejector performance at critical and sub-critical 
operational modes, while most previous 1D models usually used the ideal gas property and only predicted ejector 
performance at critical mode operation. Constant pressure mixing is assumed to occur inside the constant area section 
of the ejector at critical and sub-critical mode operation, and the effectiveness of the model is verified against 
experimental data. The results show that the proposed model accurately predicts ejector performance over all ranges 
of operation. The 1D model is a useful tool for predicting ejector performance within larger refrigeration cycle 
models.
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Selection and/or peer-review under responsibility of ICAE
Keywords:Ejector, 1D model, critical mode, sub-critical mode
1. Introduction
It’s highly desirable to develop and utilize new environment-friendly technologies for the recent global 
climate. Supersonic ejectors, used to compress flows using widely available low-grade heat from sources 
such as industrial processes, solar collectors, and automobile exhaust, are considered to be one of the 
economically feasible and environmentally-friendly applications for harnessing low-grade thermal 
energy. Many studies have been carried out to obtain the performance of such ejectors in their respective
applications [1,2].
Generally, several mathematical models have been proposed to predict ejector performance, which is 
considered as an effective and time-saving tool compared with CFD methods. To authors' knowledge, 
Keenan and Neumann [3] firstly proposed a 1D model to predict the performance of the constant area 
mixing ejector. Then, Keenan et al. [4] induced the concept of the constant pressure mixing ejector, which 
is widely accepted by researchers now. Later, Munday and Bagster [5] discovered the ejector had three 
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operation modes, they assumed a fictive throat or "effective area" located inside the mixing chamber to 
explain these phenomena. Huang et al. [6] further deepened the assumption of effective area, and thought 
the location was inside the constant area section. The effective of their model to predict the ejector 
performance at critical mode was proved.
Recently, many studies tried to set up a more accurate calculation model to obtain the ejector 
performance, and most of these studies were based on assumption of the constant pressure mixing inside 
the constant area section postulated by Huang et al. [6]. Kumar and Ooi [7] introduced the Fanno flow 
concept to capture frictional compressible flow in the mixing chamber. Zhu et al. [8] proposed the "shock 
circle" to replace the "effective area". These models could also give the acceptable results. Then, the real 
gas property was also applied to improve the ideal gas property assumption in the previous model [9].
Chen et al. [10] built a 1D model to predict the ejector performance over the entire operation (critical and 
sub-critical mode), while the previous model could only obtain the ejector performance at critical 
operation.
The literature review above indicates that there are few studies dealing with the ejector performance
using the real gas property, but the working fluids used in ejector are always far away from the ideal gas 
law, especially the fluids used in the refrigeration system. And the theoretical analysis at sub-critical 
mode is also rare. In present study, a 1D model based on the real gas property is proposed to predict the 
ejector performance not only at critical mode operation, but also at sub-critical mode operation. 
Nomenclature
A     area [m2]                                                                                      a     sonic velocity [m•s-1]
Cp    specific heat of gas at constant pressure [J• kg-1•K-1]              d     diameter [m]
ER   error                                                                                           M     Mach number
m     mass flow rate [kg•s-1]                                                                P     pressure [bar]
Rg    gas constant [J•kg-1•K-1]                                                          T     temperature [K]
V     velocity [m•s-1]                                                                            h enthalpy [J•kg-1]
Greek symbols 
Ȗ heat capacity ratio                                                               Į coefficient
Ȟ specific volume [m3•kg-1]                                                      Ȧ entrainment ratio
Superscripts
*     critical mode operation of ejector
Subscripts
c     back pressure                                                                               d     diffuser 
m mixed flow                                                                                 p     primary flow
s     secondary flow                                                                             t     nozzle throat
y     location where two streams start to mix                                   1     nozzle exit 
2     constant area section
2. Model fundamentals
The entrainment ratio and COP(coefficient of performance), two of the most important indexes of 
ejector performance, are defined as˖
ps mm Z )()( cpcs hhhhCOP  Z                                                                                  (1)
The ejector operation can be divided into three operational modes based on the entrainment ratio.
Figure 1a shows the variation in entrainment ratio with back pressure when the primary and induced 
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pressures are fixed. For critical mode operation, both primary and induced flow are choked, the 
entrainment ratio keeps constant. For sub-critical mode operation, only the primary flow is choked and 
the entrainment ratio changes with the back pressure. For the back flow mode, the induced flow is 
reversed and the entrainment ratio is less than zero. Moreover, the operation modes could also be divided 
with the variation of the induced flow, as shown in Fig. 1b.
Fig.1 Ejector operational modes: (a) variation with back pressure; (b) variation with the induced pressure
Figure 2 shows a schematic of a typical ejector. As primary flow passes through the primary nozzle, it 
fans out at supersonic velocities at the primary nozzle exit (section 1-1). The induced flow is entrained 
into the mixing chamber by the entrained effect. The primary flow expands and forms a converging duct 
for the induced flow before any mixing occurs. As a result, the induced flow is accelerated to a sonic 
speed within the constant area section. After that, the mixing process begins when the induced flow 
chokes for critical mode operation. For the case of sub-critical mode operation, it is assumed that there 
exists an effective area where the velocity of the induced flow is the highest (lower than the sonic speed), 
then the two streams mix at uniform pressure. It means that there always exits an effective area (section y-
y) whether the ejector is at critical mode or not. The mixing process begins just after this section. The 
mixed fluid undergoes a normal shock at section N-N in the constant area section, which causes a major 
compression effect and a sudden drop in the flow speed when the ejector is critical mode. Finally, the 
mixture passes through the diffuser where the velocity is gradually reduced and pressure is recovered.
Fig.2 Schematic diagram of ejector performance
The following assumptions are made for the analysis:
1. The working fluid has constant properties Cp and Ȗ
2. The flow inside the ejector is steady and one dimensional.
3. The kinetic energy at the primary and induced flow inlets, as well as the exit of diffuser, is
negligible.
4. For simplicity, when deriving the 1D model, isentropic relations are used as an approximation. But 
to account for non-ideal processes, the effects of frictional and mixing losses are accounted for with the 
use of isentropic efficiency coefficients.
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5. After exiting the primary nozzle, the primary flow fans out without mixing with the induced flow up 
to at a certain cross section (y-y) inside the constant area section. Beyond this section, the two streams 
start to mix with a uniform pressure.
2.1. Primary flow before mixing
For a given inlet total pressure PP, and temperature TP, using the isentropic flow relation, the follow 
equations could be obtained:
)1(]2/)1(1[),,(,   JJJtPPPPP PPPTfhs                                                 (2)
),(,, tttttP Psfhss   U                                                  (3)
)(2 tPt hhV                                                         ( 4 )
ptttP AVm DU                                                       ( 5 )
Applying conservation of mass and energy, the gas dynamic relations for isentropic flow relations 
between the nozzle throat and exit, the Mach number at the exit of the nozzle MP1, and the exit pressure
PP1, are given by
 > @   11212121 )1(/2/)1(121)(  JJJJ pptp MMAA                                                                         (6)
   1211 2/)1(1  JJJ ppp MPP                                                                                                          (7)
The primary flow between sections 1-1 and y-y is approximated with isentropic relations, and the Mach 
number MPy of the primary flow at the y-y section is obtained, the area APy, could be calculated by
           121211 211211   JJJJ JJ pypppy MMPP                                                                        (8)
                  12121211 ]2111221112[  JJJJJJD ppypypypppy MMMMAA       (9)
, ( , )p py py py pys s h f s P                                                                                                    (10)
)(2 pyppy hhV                                                                                                                        (11)
2.2. induced flow from inlet to section y-y
For critical mode operation, it is assumed that the induced flow chokes at section y-y. Under this 
condition, the following equations are valid:
1 syM ,
*
sysy PP                                                                                                                                    (12)
   12* 2/)1(1  JJJ sysys MPP                                                                                                       (13)
For sub-critical mode operation, it is assumed that there is an effective area where the velocity of the 




sysy PP !                                                                                                                                 (14)
Whether the ejector is at critical or sub-critical mode, the follow equations are always obtained based 
on the isentropic flow relations
),(, ssss PTfhs  , pss ss  , ),(, sysysysy Psfh  U                                                                                        (15)
)(2 syssy hhV  , ssysysys AVm DU                                                                                                    (16)
2.3. Mixed flow 
Applying a momentum and energy balance between sections y-y and m-m, the equations include
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 mspsyspypm VmmVmVm  D                                                                                                     (17)
      222 222 smmspsysyspypyp VhmmVhmVhm                                                                (18)
mmmmmm aVMPhfa   ),,(                                                                                                 (19)
A normal shock is set to exist at section N-N. Assuming that the mixed flow after the shock undergoes 
an isentropic process, the mixed flow between sections n-n and 2-2 inside the constant area section has a 
uniform pressure:
  )1(211 22  JJmm MPP                                                                                                              (20)
)2)1(()2/)1(1( 2222  JJJ mm MMM                                                                                            (21)
Further pressure recovery of the mixed fluid is achieved as it passes through the subsonic diffuser, 
assuming isentropic process:
  )1(222 2/)1(1  JJJ MPPc                                                                                                           (22)
3. Model validation
To validate the ability of the present model, the experimental data of Aphornratana et al. [11] is used 
for comparison. The working fluid used is R11.
Table 1 shows the comparison results between the experimental and theoretical results of the primary 
flow. The comparison of calculated error is shown in Fig.3. The present model could accurately predict 
the evaporation flowrate and heat input than ideal gas model (Chen et al. [10]), with the maximum 
deviation is 2.67% and 2.65%, respectively.


















100 8.2 1.248 4326 1.246 4318 -0.20 -0.18 
105 9.2 1.368 4789 1.380 4833 0.91 0.92 
110 10.2 1.568 5541 1.526 5394 -2.67 -2.65 
115 11.2 1.681 5994 1.683 6003 0.13 0.16 
120 12.4 1.879 6758 1.852 6664 -1.42 -1.39 
Fig.3 Comparison of calculated error: (a) evaporation rate;   (b) heat input
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Fig.4 presents the COP comparison of theoretical and experimental data. As shown in Fig.4a, the 
present model could accurately represent COP variation with the increase of induced pressure, whether 
the ejector is at critical mode or sub-critical mode, with the maximum deviation is less than 25%, mostly 
in the range of 0-7%. Obviously, the ideal gas model fails to predict the ejector performance, specially at 
sub-critical mode. The errors are in the range of 15-50%.
Fig.4 COP comparison of present model and experimental data: (a) characteristic curves, and (b) calculated errors
4. Conclusions
In the present paper, a 1D model is proposed to present the ejector performance over the entire 
operation using the real gas property. The effectiveness of the model has been validated by experimental 
results from literature with the working fluid is R11. The comparison results show that the present model 
could accurately obtain the evaporation rate and heat input into the system, with the error is less than 
2.67% and 2.65%, respectively. Also, the theoretical calculation could predict the COP of the system for 
critical and subcritical operation, with the maximum error is less than 25%. However, the ideal gas model 
fails to predict the ejector performance, specially at sub-critical mode.
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